Mutations of amino acids in the C-terminal region of an archaeal toxin, aRelE, from Pyrococcus horikoshii were characterized with respect to protein synthesis inhibitory activity and 70S ribosome-binding activity. The results suggest that basic residues at the C-terminal region in aRelE play a crucial role both in 70S ribosome binding and in protein synthesis inhibition activities.
Toxin-antitoxin (TA) loci, which were initially characterized as plasmid-borne mediators of plasmid stability, 1) have in recent years been identified within the chromosomes of numerous bacterial species.
2) The TA systems are composed of two genes organized in an operon that encodes a stable toxin and a labile cognate antitoxin. 3) In the steady state, antitoxins neutralize the effects of toxins by direct protein-protein interactions. 4) Upon induction by environmental stresses, such as amino acid and carbon source limitation, labile antitoxins are degraded by a specific protease such as Lon, ClpXP, or ClpAP, leading to rapid growth arrest and cell death by the cellular effects of the toxins. 5) Hence the TA systems might function as metabolic stress response elements. 6, 7) The Escherichia coli chromosome encodes at least five TA systems, RelB-RelE, MazE-MazF, ChpBIChpBK, YefM-YoeB, and DinJ-YafQ. 8) Toxins MazF, ChpBK, YoeB, and YafQ have been found to have intrinsic RNase activity in vitro; they are hence referred to as mRNA interferases. 9) However, a recent study found that mRNA cleavage by YoeB and YafQ was strictly dependent on translation of the mRNA in vivo, whereas site-specific mRNA cleavage by MazF occurred independently of translation in vivo. 10, 11) In contrast, toxin RelE has no intrinsic RNase activity: it does not cleave pure RNA in vitro, but cleaves mRNA at the ribosomal A-site in vivo. It is thus a ribosomedependent RNase, preferentially cleaving stop codons (UAG > UAA > UGA), and sense codons (UCG and CAG) as well. 12) However, Hayes and Sauer 13) and Sunohara et al. 14) found that when ribosomes stalled due to the presence of particular sequence elements in mRNAs, mRNA was cleaved via a mechanism that is independent of all five of the known TA systems in E. coli. RelE is hence thought not to be an RNase per se, but rather to act as a stimulatory factor in A-site mRNA cleavage on the ribosome.
In a previous study, we determined the three-dimensional structure of aRelB-aRelE complex, RelB-RelE homolog in the hyperthermophilic archaeon Pyrococcus horikoshii, at a resolution of 2.5 Å (Fig. 1) . 15 ) A mutation of Arg85 in aRelE significantly reduced protein synthesis inhibitory activity. 15) In this study, to examine the involvement of Arg85 in inhibitory activity in more detail, Arg85 was replaced by Glu, Trp, His, and Lys, and the resulting mutants were prepared in the same manner as the wild-type and were characterized with respect to inhibitory activity using the E. coli T7 S30 Extract System, as described previously. 15) Figure 2 shows the inhibitory profiles of the mutants. Two mutants, R85H and R85K, in which Arg85 was replaced with His and Lys respectively, possessed inhibitory activity comparable to the wild type; the two mutants significantly reduced in vitro translation, up to 20%, as judged by the incorporation of [
35 S]-methionine. In contrast, R85E and R85W, in which Arg85 was mutated with Glu and Trp, respectively, exhibited reduced inhibitory potency. The results revealed that Arg85 itself is not essential for protein synthesis inhibitory activity. Rather, a positive charge formed at the position 85 might play an important role in the inhibitory activity.
Besides Arg85, several basic amino acids cluster around the C-terminal portion in aRelE, including Arg87 and Lys90 (Fig. 1 ). To determine their contributions to inhibitory activity, a series of the C-terminal deletion mutants, ÁC2, ÁC4, and ÁC6, in which the C-terminal two (Tyr-Lys 90 ), four (Arg 87 -Ala-Tyr-Lys 90 ), and six (Arg 85 -Gly-Arg 87 -Ala-Tyr-Lys 90 ) residues were successively deleted, were prepared, and the resulting mutants were again characterized with respect to inhibitory activity. The results indicated that truncation of the two residues significantly weakened the inhibitory activity, and successive truncations decreased it (Fig. 2) . This result further confirms that a positive charge formed at y To whom correspondence should be addressed. Tel/Fax: +81-92-642-2853; E-mail: mkimura@agr.kyushu-u.ac.jp Abbreviations: RNase, ribonuclease; TA, toxin-antitoxin; TCA, trichloroacetic acid the C-terminal portion in aRelE plays a crucial role in the protein synthesis inhibitory activity.
It has been reported that RelE bound the 70S ribosome and cleaved mRNA being translated on the ribosome. 4) To characterize the mutants in terms of ribosome-binding activity, next we analyzed the ribosome-binding activity of aRelE using the E. coli 70S ribosome. In this study, mRNAs containing the ribosome binding site and the AUG codon followed by either stop codons UAG and UGA or sense codon AGU were transcribed in vitro using plasmid pET-3a as template. The second codon (GCT) for Ala was mutated to stop codon, TAG or TGA, and to sense codon AGT with Ser as control, and the resulting pET-3a-derivatives were used in transcription in vitro. In addition, E. coli initiator tRNA fMet was prepared by in vitro transcription, since preliminary experiment using the mRNA with UAG as the second codon suggested that aRelE induced 70S ribosomedependent mRNA cleavage in vitro more significantly in the presence of tRNA fMet than in its absence (Yamamoto et al., unpublished data). Hence, aRelE was mixed with the E. coli 70S ribosome in the presence and the absence of the mRNAs and tRNA fMet , and the mixtures were subjected to sucrose-gradient ultracentrifugation. Then we subjected the ribosome profile fractions to Western blotting analysis using antibodies to His-tag, because aRelE was prepared with His-tag at its C-terminus, as described previously.
15) The results indicated that aRelE bound the 70S ribosome only in the presence of the mRNAs (Fig. 3A, c-f ), though no aRelE was detected in the 70S ribosome fractions in the absence of mRNA (Fig. 3A, b) . It should be noted that aRelE-bound mRNA with the sense codon was detected in broader fractions (Fig. 3A, f) than those bound mRNAs with stop codons (Fig. 3A, d and e). Although we have no explanation for the distinct elution patterns at present, aRelE might have slightly different affinity to mRNAs between stop and sense codons. Nevertheless, the present results indicate that aRelE binds mRNAs with both stop and sense codons. This finding is inconsistent with a previous report that RelE preferentially cleaved stop codons. 12) However, consistent with the present results is the observation by Garcia-Pino et al. that RelE induced cleavage of mRNA at several codons, especially just downstream of the start codon.
16) The present results further indicate that aRelE was able to bind mRNAs to the same extent irrespective of tRNA fMet (Fig. 3A, c and  d) , inconsistently with the results obtained in preliminary experiment, described above. To address this discrepancy, 70S ribosome-dependent mRNA cleavage analysis in vitro is underway in this laboratory.
Next we analyzed the 70S ribosome-binding activity of the mutants in the presence of mRNA (UAG) and tRNA fMet , although the requirement of tRNA fMet for aRelE binding is ambiguous at present. The mutants R85H and R85K, which possessed protein synthesis inhibitory activity, retained ribosome-binding activity, although the elution pattern of mutant R85H was again slightly different from those of the wild type and R85K (Fig. 3B, c and d) . In contrast, mutants R85A, R85E, and R85W as well as the C-terminal truncated mutants, ÁC2, ÁC4, and ÁC6, which exhibited weaker inhibitory activity than wild type, reduced the 70S ribosome binding activity. The mutants were predominantly detected in the upper fractions (Fig. 3B, a, b , and e-h).
We found in the present study that the elimination of a positive charge from the C-terminal portion in aRelE Prokaryotic cell-free system protein synthesis was carried out with the E. coli T7 S30 Extract System for Circular DNA (Promega, Madison, WI). The reaction mixture consisted of 2.5 ml of T7-S30 premix, 1.875 ml of T7-S30 extract, 0.625 ml of an amino acid mixture (1 mM each of all amino acids but methionine), 1.0 ml of 35 S-methionine (500 Ci/ml), and different amounts of protein in a final volume of 20.0 ml. The reaction mixtures were pre-incubated for 10 min at 37 C, and then the assay was started by adding 1 ml of pGEX (SULT1D1) plasmid DNA (0.5 mg/ml) which encodes sulfotransferase in the mouse. The reaction was performed for 150 min at 37 C, and 30 ml of NaOH was added to the mixture and this was incubated at 37 C for 10 min. Translational products were precipitated by adding 250 ml of ice-cold 25% TCA/2% cassamino acid. The precipitate was collected by filtering under a vacuum on Whatman GF/A glass fiber filters, and was rinsed twice with 3 ml of ice-cold 5% TCA. The filters were rinsed again with 3 ml of acetone and dried completely at room temperature. The radioactivity of the translational products was measured with a liquid scintillation counter. Inhibition is expressed as the remaining activity of protein synthesis. The incorporation of [
35 S] methionine into SULT1D1 without aRelE or its mutants was set to 100%. The experiments were performed at least in triplicate. The three-dimensional structure of aRelE (PDB accession code 1WM1) was drawn by Pymol (http://www.pymol.org). Basis amino acids at the C-terminal portion are labeled, and the N and C termini are indicated. The C-terminal residues Tyr89 and Lys90 of aRelE are missing in the crystal structure. Lys90 was arbitrarily rebuilt to estimate the position of Lys90.
severely diminished protein synthesis inhibitory activity and significantly reduced 70S ribosome binding. Although it is premature to draw conclusions from present results only, the correlation between 70S ribosome binding and protein synthesis inhibitory activity suggests that ribosome binding via the C-terminal portion of aRelE causes protein synthesis inhibitory activity through mRNA cleavage at the A-site. Further study of the interaction of aRelE with ribosome should yield more details concerning the mechanism of mRNA cleavage at the A-site. Fig. 3 . Ribosome-Binding Activity of aRelE and Its Mutants.
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A, aRelE (6 nmol) was mixed with the E. coli 70S ribosome (2 nmol) in buffer A (10 mM Tris-HCl, pH 7.9, 60 mM NH 4 Cl, 10 mM Mg(CH 3 COO) 2 , and 6 mM 2-mercaptoethanol) in the presence and the absence of mRNAs (4 nmol) and tRNA fMet (4 nmol). Then the mixtures were incubated for 10 min at 37 C and loaded on a 10-30% linear sucrose gradient in buffer A by centrifugation at 22,000 rpm for 16 h in a Beckman SW28 rotor. The fractions were collected and monitored by measuring the absorbance at 260 nm. The fractions obtained by centrifugation were precipitated with 20% TCA. aRelE and its mutants were detected by SDS-PAGE, followed by Western blotting using antibodies directed against a His-tag sequence. The upper panel indicates the elution pattern of the 70S ribosome by centrifugation. The lower panels indicate Western blotting analyses of the fractions obtained by centrifugation. a, aRelE; b, aRelE and 70S ribosome; c, aRelE, mRNA (UAG), and 70S ribosome; d, aRelE, mRNA (UAG), tRNA fMet , and 70S ribosome; e, aRelE, mRNA (UGA), tRNA fMet , and 70S ribosome; f, aRelE, mRNA (AGU), tRNA fMet , and 70S ribosome. Black arrows indicate protein markers with molecular weights of 20 kDa and 10 kDa. Open arrows indicate the positions of aRelE. B, aRelE mutants were mixed with the E. coli 70S ribosome in the presence of mRNA (UAG) and tRNA fMet , and their ribosome-binding activity was analyzed in a manner identical to those described above. a, R85A; b, R85E; c, R85H; d, R85K; e, R85W; f, ÁC2; g, ÁC4; h, ÁC6.
